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Tarim
NW ChinaThe Early Permian magmatism in Tarim, NW China comprises diamondiferous kimberlites, lamprophyres, ﬂood
basalts, Fe–Ti oxide ore-bearing layered maﬁc–ultramaﬁc intrusions, bi-modal dyke swarms, alkaline igneous
complexes (including syenites and A-type granites), rhyolites and pyroclastic rocks. The extent of this intraplate
magmatism exceeds 250,000 km2,making it comparable to Large Igneous Provinces (LIPs). Screening of available
radiometric ages reveals threemainmagmatic episodes in the Tarim LIP, with the ﬁrst beingmarked by ~300Ma
small-volume kimberlites, followed by two phases of bimodal magmatism at ~290 Ma and at ~280 Ma, respec-
tively. This relatively long time interval of the Early Permian magmatism is consistent with a low eruption rate
of the Tarim LIP and is supported by the intercalation of volcanic rocks with sediments in outcrops and drill
holes. Although the spatial distribution of each magmatic episode in the Tarim LIP is far from assessed, it seems
that the ~290 Ma ﬂood basalts are widespread across the province, whereas ~300 Ma kimberlites and ~280 Ma
ultramaﬁc–maﬁc–felsic intrusions and dyke swarms only occur in the Bachu Uplift and around the margins of
the Tarim craton.
We propose that the ~300 Ma kimberlites were derived from deep part of the metasomatized sub-continental
lithospheric mantle (SCLM), while the ~290 Ma ﬂood basalts were likely formed as a result of mixing of
plume-derivedmelts with SCLM-derivedmelts (e.g., lamproiticmelt) as they rose through the SCLM. In contrast,
the ~280 Ma magmas were most likely derived from the convecting mantle. A plume incubation model is
proposed to account for the temporo-spatial distribution of the Tarim LIP, in which different styles of plume–
lithosphere interaction are recognized. In the ﬁrst two episodes, the mantle plume incubating the base of
the craton provides the heat that triggered melting of the enriched components in the SCLM. In contrast,
adiabatic decompression melting within the plume produced the ~280 Ma magmatic phase. Thermal
modeling suggests that lithospheric thinning by thermal erosionmight have been associatedwith the upwelling
mantle plume, with the greatest thinning occurring in the Bachu area. Thinned spots and weak zones at the
margins of cratons and mobile belts caused preferential channeling of plume ﬂow and subsequent decompres-
sion melting. This explains the localized distribution of ~280 Ma magmas in the Tarim LIP.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Large igneous provinces (LIPs) are voluminous occurrences of
dominantly maﬁc igneous rocks not directly related to plate tectonic
processes (Cofﬁn and Eldholm, 1994; Mahoney and Cofﬁn, 1997;
Bryan and Ernst, 2008). It has been widely accepted that the formation
of LIPs is related tomantle plumes rising froma thermal boundary at the
core–mantle boundary (e.g., Campbell and Grifﬁths, 1990; Morgan,
1971) or from the upper mantle/lower mantle transition zone
(Courtillot et al., 2003; White and McKenzie, 1989).chemistry, Chinese Academy of
86 20 85290109; fax: +86 20There are two main competing hypotheses regarding the extent to
whichmantle plumes are involved in the formationof LIPs. One attributes
the formation of LIPs to the arrival of a plume head at the base of the
lithosphere, and subsequent decompression melting of a deﬂated
plume head with a diameter reaching up to 2000 km (Campbell and
Grifﬁths, 1990; Richards et al., 1989). The other proposes that a plume
head growsmore slowly (incubates) especially underneath thick conti-
nental lithosphere (N120 km) which inhibits melting of mantle plumes
(Kent et al., 1992; Saunders et al., 1992). However, melting of a mantle
plume in this scenario is possible when the overlying lithosphere is
thinned and removed by conductive heating, melt injection and exten-
sion (White and McKenzie, 1989). These different modes of plume in-
volvement create distinct features in LIPs. Speciﬁcally, ﬂood basalts
generated by adiabatic melting in a convectingmantle regime generally
have rapid eruption rates (over a few million years) (Campbell, 2001,
2005; Gibson et al., 2006). In contrast, magmatism related to melting
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heating by an incubating mantle plume (Gibson et al., 1995a,b;
Gallagher and Hawkesworth, 1992; Kent et al., 1992; Turner et al.,
1996) commonly have a relatively low eruption rate (over tens million
years) and display a lithospheric geochemical ﬁngerprint. Investiga-
tions into LIPs thus provide information as to vertical transfer of mantle
materials/heat. Moreover, evidence is mounting that the occurrence of
LIPs correlates with profound changes in the surface environment, in-
cluding crustal doming/changes in depositional facies (He et al., 2003;
Rainbird and Ernst, 2001; Saunders et al., 2007) and mass biotic extinc-
tion (e.g., Courtillot and Renne, 2003).
The Permian is marked by the presence of four LIPs that cluster in
eastern Asia, namely the Siberian traps (251 Ma, Kamo et al., 2003),
Emeishan basalts (~260 Ma, He et al., 2007; Shellnutt et al., 2012; Xu
et al., 2008; Zhong et al., 2014; Zhou et al., 2002), Tarim basalts
(280–290 Ma, Wei et al., 2014) and Panjal traps (~290 Ma; Shellnutt
et al., 2014). Interestingly, a number of major global events occurred al-
most simultaneously during the late Paleozoic, including the double
(Permian–Triassic and end-Guadalupian) mass extinctions, ocean
superanoxia, sharp C and Sr isotopic excursions, sea-level drop and
Illawara geomagnetic reversal (Borisenko et al., 2006; Isozaki, 2009).
These phenomena can be explained as the consequence of Permian
superplume activity (Isozaki, 2009; Xu et al., 2013). Compared to inten-
sive and systematic studies on the Siberian traps and the Emeishan ba-
salts (e.g., Sharma, 1997; Xu et al., 2007), information on the Tarim
basalts and Panjal traps still remains scarce, probably because of partial
burial by the Taklamagan desert. Considerable controversy remains as
to the age, extent, composition and geodynamic evolution of the
Tarim LIP. Recent gas and petroleum exploration in the Tarim Basin
has provided drill boreholes and seismic proﬁles of variable scale, offer-
ing an ideal opportunity to better understand this LIP (e.g., Li et al.,
2011; Liu et al., 2014; Tian et al., 2010). In addition, there are sufﬁciently
large amounts of data available from exposed lava sections, intrusions
and numerous dykes, and kimberlite pipes in the NW and W Tarim
(Bachu, Keping, Piqiang) for an integrated analysis to be undertaken
(Chen et al., 1997; Jiang et al., 2006; Wei et al., 2014; Yang et al., 2005;
Yu et al., 2011b; Zhang et al., 2008a, 2010b, 2013; Zhou et al., 2009).
This review paper starts with a summary of the main characteristics of
the Tarim LIP including its rock type, composition and emplacement
ages. We show that the three magmatic episodes of this LIP display dis-
tinct geochemical features and, by inference, different mantle sources.
By integrating the observational data with thermal modeling results,
we attribute the evolution of the Tarim LIP to interaction between a
plume and lithosphere over ~20 m.y.
2. Geological setting
Bounded by the Tianshan orogenic belt to the north and west, and
the West Kunlun and Altyn orogenic belt to the south (Fig. 1a), the
Tarim Basin in the southern part of Xinjiang Province is the largest
basin in China, occupying an area of ~600,000 km2. It is also the least
known of the continental blocks (Tarim Craton) in Asia due to its exten-
sive coverage by a thick succession of post-Permian sedimentary strata
and Taklamagandesert. The cratonwas amalgamatedwith the southern
Central Asian Orogenic Belt (CAOB) during the Late Paleozoic (Fig. 1;
BGMRXUAR, 1993; Han et al., 2011; Li, 2006) and is composed of Pre-
cambrian crystalline basement and a thick Phanerozoic sedimentary
cover, recording a long tectonothermal history ranging from
~2500 Ma to ~270 Ma (Hu et al., 2000; Long et al., 2011). The Precam-
brian basement is believed to be a fragment of the Rodinian Supercon-
tinent (Li et al., 2003; Lu et al., 2008) and is overlain by a thick
sedimentary sequence that includes Ordovician, Permian and Creta-
ceous strata (BGMRXUAR, 1993; Jia, 1997; Zhang, 2003). The Permian
strata in the Tarim Basin consist mainly of a volcanic–sedimentary se-
quence, composed of clastic rocks, muddy limestones and maﬁc–felsic
volcanic rocks. The basement and Paleozoic strata are folded and faultedby Cenozoic deformation, producing approximately E–Wtrending uplifts
and depressions in northern and central Tarim basin (Jia, 1997).
The deep structure of the Tarim Craton still remains poorly charac-
terized. Priestley and McKenzie (2006) converted seismic shear wave
velocities into temperature proﬁles and then ﬁtted a geotherm to the
resulting temperature estimates to construct global/regional litho-
spheric variation maps. From this study it is clear that the present-day
lithosphere beneath Tarim is relatively thick, ranging from 150 to
200 km. A similarly thick lithosphere beneath the Tarim Basin is also
revealed by seismic tomography (Lei and Zhao, 2007; Xu et al., 2002)
and by a receiver function analysis of S-to-P converted waves at the
boundary between the lithosphere and asthenosphere (Kumar et al.,
2005). Using the teleseismic data collected from digital seismograms,
Lei and Zhao (2007) showed that the Cenozoic sediments of the Tarim
Basin are characterized by some lowVp, low Vs and high Poisson anom-
alies, whereas at greater depths high Vp, high Vs and low s anomalies
dominate, indicating the relatively strong craton-like structure. Lei and
Zhao (2007) further demonstrated that the lithosphere becomes thicker
from the margin of the Tarim Basin to its center, which is in agreement
with the general features of basin tectonics. Although all these seismic
data reﬂect the nature of the present-day lithosphere beneath Tarim,
as we will discuss below, the observed variations in lithospheric archi-
tecture ﬁt well with the different styles of magmatism as far back as
the Early Permian.
A large volume of Early Permian volcanic rocks, as well as intrusive
complexes and maﬁc dykes, are exposed in Keping, Bachu and Piqiang
around the margins, and in the interior of the Tarim Basin (e.g., Chen
et al., 1997; Jia, 1997; Jiang et al., 2006; Li et al., 2011; Zhang et al.,
2008a, 2010a,b; Zhou et al., 2009). Because much of the volcanic se-
quence occurs in the subsurface (covered by the Taklamagan desert),
the full extent of the Tarim LIP remains uncertain. However in recent
years, industrial geophysical surveys and oil exploration provided new
geophysical and borehole data that suggest that the Permian basalts
(including related tuff and tuffaceous sedimentary rocks) may extend
over an area of 250,000 km2–300,000 km2 (Fig. 1a) (Chen et al., 1997,
2006; Tian et al., 2010; Yang et al., 1996, 2005, 2007). Drill-hole data in-
dicate that the thickness of volcanic rocks range from ~200 to ~800m. If
an average thickness of 600 m is assumed, the entire volume of the
Tarim basalts is estimated to be ~1.5 × 105 km3.
3. Main rock types and their temporo-spatial distribution
3.1. Diamondiferous kimberlites
Following a diamond prospecting program in the 1980s–1990s,
several tens of kimberlitic pipes were discovered in the Wajilitag
area in the western Tarim LIP (Fig. 1a; Du, 1983). The presence of
micro-diamonds in some pipes makes the Wajilitag kimberlites
(Fig. 1a) particularly signiﬁcant in understanding the evolution of
the Tarim LIP as it suggests the presence of a cold and thick
diamond-facies (180–200 km) lithosphere at the time of kimberlitic
eruption. Clustering in an area of 5 km2, the Wajilitag kimberlitic
pipes are deeply weathered to greenish clay. They intruded the
ﬂat-lying and metamorphosed continental clastic sequences of the
upper Devonian Keziletag and Yimugangtawu Formations, and were in
turn cut by dolerite dykes (Li et al., 2011; Zhang et al., 2013). Spatially,
the kimberlitic intrusions are associatedwith theWajilitag igneous com-
plex, which comprises Fe–Ti oxide ore-bearing layered ultramaﬁc–maﬁc
intrusions (Cao et al., 2013; Li et al., 2012a) and syenites emplaced at ca.
274 Ma (Zhang et al., 2008a).
TheWajilitag kimberlites are brecciatedwith a porphyritic texture of
euhedral to rounded macrocrysts and phenocrysts (0.5 to 5 mm) of
clinopyroxenes, olivine and phlogopite setting in a ﬁne-grained matrix.
The matrix is composed of clinopyroxene, phlogopite, olivine, apatite,
perovskite, baddeleyite, garnet, spinel, rutile, magnetite, calcite and
graphite (Zhang et al., 2013). TheWajilitag kimberlites show fractionated
Kuluketage
K
unlun
nytlA
Yili Block
Tianshan
Tu-Ha Bas
in
tfirnahsieB
Keping
Akesu Korla
Kashi
Bachu
Urumqi
Hetian
76°
76°
80° 84° 88° 92°
40°
44°
96°92°88°84°80°
44°
40°
36°
~290 Ma basalts
Rhyolites
~280 Ma intrusions
and dykes
200 km
Wajilitag
Dms
Xiaohaizi
Piqiang
Fig.1a
Tarim Craton
ELIP
Siberian Traps
China
1500 km20°
60°
80° 120°
~300 Ma kimberlites
Bachu
 uplift
78°5 50
Syenite
Quartz-syenite
Olivine-gabbro
Silurian–Early
Permian
Mafic dykes
Quartz syenite
porphyry
78°4 58
39
°4
19
39
°4
07
2 km
Bachu dykes
St
a
ge
H
e
ig
ht
(m
a
b)
Li
t h
o
fa
c
ie
s
Fo
rm
at
io
n
200
400
800
1000
1200
1400
1600
1800
2000
600
0
Sh
aji
n
gz
i
(lo
we
rp
ar
t)
K
ai
pa
i z
ile
ik
e
K
up
u k
u
z
im
a n
K
a
n
g k
el
in
(u
pp
er
pa
rt
)
C
a
r b
on
if e
ro
u
s
Lo
w
er
P
e
rm
ia
n
A
s
s
e
li a
n
G
zh
e l
ia
n
Sa
k m
a
ria
n
A
rt
i n
s
ki
an
Mottled
Clastic rock
Basalt
Limestone
Legends
Tuff
(a)
(b)
(c)
Qp
Xhn
Kpz
Ssc
Yg
Fig. 1. (a) Simpliﬁed geological map showing the distribution of three magmatic pulses in the Tarim LIP (modiﬁed after BGMRXUAR, 1993; Wei et al., 2014; Yang et al., 2007). The inset
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viations: Ssc= Sishichang section, Kpz= Kaipaizileike section, Yg= Yingan section, Xhn= Xiahenan section, Dms= Damusi section, Qp= Qipan section. (b) Generalized late Carbon-
iferous–Early Permian stratigraphy in western Tarim (modiﬁed after BGMRXUAR, 1993; Zhang, 2003). (c) Detailed geological map of the maﬁc and felsic dykes around the Xiaohaizi
syenite complex in Bachu (modiﬁed after Chen et al., 2010; Yang et al., 2007).
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positive εNd(t) (+3.7 to +5.6; Figs. 4 and 5).
Previous 40Ar–39Ar dating on phlogopite separates (252.7Ma; Li et al.,
2001, 2011) is inconsistent with U–Pb zircon ages of 272–276 Ma for
a dolerite dyke which cuts the kimberlitic pipes (Li et al., 2007). This in-
consistency may be related to the severe weathering and alteration of
the kimberlitic pipes. This problem was recently overcome by Zhang
et al. (2013) who performed SIMS U–Pb analyses on perovskite and
baddeleyite separates from the Wajilitag kimberlites. The perovskites
yielded an intercept age of 299.9 ± 4.3 Ma (2σ), which is identical to
the concordia U–Pb ages of 300.8 ± 4.7 Ma and 300.5 ± 4.4 Ma (2σ) ob-
tained on baddeleyite separates. These ages are interpreted as a critical
regional time marker for the onset of Permo–Carboniferous magmatism
in the Tarim Craton (Zhang et al., 2013).
3.2. Tarim ﬂood basalts
The Permian basalts crop out largely in thewestern part of the Tarim
Basin, including Keping and Xiahenan in western Tarim (Chen et al.,
1997; Jiang et al., 2006; Li et al., 2011; Wei et al., 2014; Yu et al.,
2011b; Zhou et al., 2009) and Qipan and Damusi sections in SW Tarim
(Li et al., 2013; Yang et al., 2006a). Most studies have been carried on
the Keping basalts, where the complete Permian basalt successions
occur in Yingan, Kaipaizileike and Sishichang. The strata are divided
into the lower to middle Permian Kupukuziman Formation and the
overlying middle Permian Kaipaizileike Formation (Fig. 1b). On the
basis of ﬁeld investigation, regional stratigraphic comparison, remote
sensing and image interpretation, a third unit of felsic pyroclastic
rocks (including related tuff and tuffaceous sedimentary rocks) has
beendistinguished,which is between theKupukuziman andKaipaizileike
Formations (Shangguan et al., 2012).
The Kupukuziman Formation is about 200 m thick, consisting of
alternating reddish mudstone and siltstone, interbedded with numerous
conglomerate layers in its lower andmiddle parts and twobasalt layers in
the upper part (Fig. 1b). Plant fossils such as Lepidodendron sp., Stigmaria
ﬁcoides Brongniart, Pecopteris moneyi Zeiller, P. hemiterioides Brongniart,
Sphenopteris sp. and Cordaites princepalis have been observed in the
topmost ﬁne-grained sandstones, indicating that the sedimentary rocks
of the Kupukuziman Formation were deposited during Early Permian
(Zhang, 2003). The upper part of the Kupukuziman Formation is domi-
nated by two distinct basalt and tuff layers that are separated by ~20 m
of terrestrial clastic sediments (Fig. 1b). The sediments comprise reddish
siltstone of severalmeters thick and overlying non-marine limestone bed
containing fresh water fossils (e.g., Liraplecta aspera), which marks the
top of the Kupukuziman Formation (Fig. 1b). The two basalt layers are
~10 m and ~20 m, respectively.
The overlying Kaipaizileike Formation has a total thickness of ~530
m and consists mainly of basaltic ﬂows with small amounts of interca-
lated Permian mudstone, siltstone and muddy limestone of terrestrial
facies, containing Autunia conferta–Pecopteris–Cordaites. Six basaltic
ﬂows are distinguished within the Kaipaizileike Formation, which are
interlayered with Permian ﬂuvial sedimentary rocks. Individual basalt
ﬂows range from several tens of meters to more than 70 m thick. One
ﬂow has well-developed columnar jointing. The Kaipaizileike Formation
is overlain by the Shajingzi Formation which consists of conglomerates
at the bottom and gray-green and reddish mudstone at the top, con-
taining Darwinula jatskovae-Darwinoloides puris and Apiculatisporite–
Verrucosisporites. Abundant plant fossils (e.g., Lepidodendron sp., Stigmaria
ﬁcoides Brongniart) have been reported in the graywackes, siltstones
and silty lutites (Wu et al., 1997), indicating a terrestrial eruption
environment.
The Tarim ﬂood basalts have been dated using K–Ar, 40Ar–39Ar and
U–Pb isotopic techniques, which yielded an age spectrum ranging
from 260 Ma to 293 Ma (Li et al., 2011; Qin et al., 2011; Wei et al.,
2014). Such a wide range largely stems from the use of K–Ar dating
which suffers from post-eruption alteration and excess Ar problems.Meaningful 40Ar/39Ar plateau ages (287.3 ± 4.0 Ma and 287.9 ±
3.1Ma, 2σ) have recently been obtained for the Kaipaizileike Formation
basalts (Wei et al., 2014), which are consistent within error with the
SHRIMP U–Pb age (288.9 ± 2.0 Ma, 2σ; Yu et al., 2011b) of basalt
from the uppermost Kaipaizileike Formation.
TheKeping basalts are alkaline (Fig. 2),with lowMgO(4.3–5.9 wt.%)
andhigh TiO2 (3.8–5.1 wt.%) contents. They show fractionated light rare
earth elements (LREE) and nearly ﬂat heavy REE (HREE) patterns with
noticeable negative Nb and Ta anomalies on primitive mantle-
normalized diagrams (Fig. 3b). They have negative and relatively
uniform εNd(t) (mainly from −2.3 to −3.8; Figs. 4 and 5) and low
(206Pb/204Pb)i (17.43–17.57).
3.3. Dyke swarms
Numerous north–northwest–trending maﬁc dyke swarms intrude
the Silurian, Devonian, Carboniferous and Early Permian strata in the
Bachu area (Fig. 1c). In the Sichichang section, dykes cut the Early
Permian Kupukuziman Formation and Kaipaizileike Formation (Yu
et al., 2011b), suggesting these dykes are younger than the basalt
lavas. NNW–SSE trending maﬁc dykes are extremely abundant in the
Xiaohaizi area and occur in close association with maﬁc–ultramaﬁc
and syenite intrusions (Yang et al., 2007; Zhang et al., 2008a). The
dykes also intrude the Xiaohaizi syenite complex although some of
the dykes intermingle with the syenite (Zhang et al., 2008b). At several
outcrops, ultramaﬁc–maﬁc–felsic intrusions and bimodal dykes
consisting of dolerite and quartz syenite porphyry are observed (Chen
et al., 2010; Yang et al., 2007; Zhang et al., 2008b, 2010b).
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the 40Ar/39Ar results published are not reliable because the plateau ages
often contain less than 40% of the total 39Ar released and are mostly
discrepant with the inverse isochron ages (Zhang et al., 2010c). Field
relationships suggest the maﬁc dykes are coeval with the Xiaohaizi
syenite and the Wajilitag layered intrusions.
The Bachu dykes have relatively low MgO (3.6–5.4 wt.%) and
high TiO2 (3.1–4.7 wt.%) contents. Compared to the Keping basalts,
they display more fractionated REE patterns and OIB-like trace ele-
ment signatures (Fig. 3c; Wei et al., 2014; Zhou et al., 2009). They
have variable isotope compositions [εNd(t) =−0.3 to +4.8, (206Pb/
204Pb)i = 17.50− 18.11]. Correlations between isotopic and trace ele-
ment ratios indicate that some dykes with low εNd(t) and low initial Pb
isotope ratios could have undergone crustal assimilation (Fig. 4; Wei
and Xu, 2013; Wei et al., 2014).
3.4. Rhyolites
Felsic extrusive rocks are limited in exposed sections andweremain-
ly recovered in the northern uplift in the Tarim LIP (Fig. 1a, Tian et al.,
2010; Yu et al., 2011b; Liu et al., 2014). The volume and extent of rhyo-
lites remains largely unknown, but interpretation of seismic proﬁlesprovided by petroleum companies suggests that rhyolites cover the ba-
salt layers (Tian et al., 2010; Tian Wei, Personal communication). The
co-existence of basalts and rhyolites indicates the bimodal nature of
Permian magmatism.
The Tarim rhyolites have a high aluminum saturation index
(0.94–1.37), lowMg# [Mg2+/(Fe2++Mg)= 0.08–0.22], high Ga/Al ra-
tios (N2.66), Zr and Nb, REEs and zircon saturation temperatures
(872–940 °C), typical of aluminous A-type granitoids. Two distinctive
types of rhyoliteswith different trace elements and isotopic characteris-
tics have been identiﬁed by Tian et al. (2010) and Liu et al. (2014). The
low-Nb–Ta type rhyolites (Fig. 3d) have lower εNd(t) than the high-Nb–
Ta rhyolites (Fig. 4). The high-Nb–Ta rhyolites have Nb/La ratios and Sr–
Nd isotopes similar to those of the associated basalts and picrites (Tian
et al., 2010).
U–Pb zircon dating shows that the low-Nb–Ta rhyolites were
emplaced in two intervals between 293–287 Ma and 282–277 Ma (Liu
et al., 2014; Tian et al., 2010; Yu et al., 2011b) (Fig. 6). So far only one
high-Nb–Ta rhyolite sample has been dated (Fig. 6), but it has the essen-
tially same age as equivalent plutons (i.e., A-type granites; Zhang et al.,
2010b). Moreover, the age range of the high-Nb–Ta rhyolites and A-
type granites is similar to those of the syenite plutons, layered intrusion
and maﬁc dykes (Wei and Xu, 2011; Yang et al., 1996, 2007).
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In addition to extrusive rocks, the Tarim LIP also comprises a great
diversity of intrusive rocks, which mainly occur in Bachu, Wajilitag
and Piqiang in the western part of the Tarim Basin (e.g., Jiang et al.,
2004a,b,c; Yang et al., 2006a,b; Zhang et al., 2008a, 2010b, 2013; Li
et al., 2011, 2012a,b; Cao et al., 2013). These intrusions cut Silurian
and Devonian strata and host economic Fe–Ti oxide mineralization
(Cao et al., 2013; Zhang et al., 2008a), consistent with strong aero-
magnetic anomalies in the Piqiang, Bachu and Akesu regions (Rui0
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Quartz syenite porphyries which crosscut the Xiaohaizi syenite and
Wajilitage layered intrusions yielded SHRIMP U–Pb zircon ages of
278.4 ± 2.2 Ma (2σ, Yu, 2009) and 284.3 ± 2.8 Ma (2σ, Li et al., 2011).
These dates therefore constrain the emplacement of the intrusions and
dykes between 278 and 284 Ma. The Wajilitag maﬁc–ultramaﬁc intru-
sions have an OIB-like composition and are therefore derived from a
similar source to the maﬁc dykes (Cao et al., 2013; Li et al., 2012b). It
has been proposed that large amounts of Fe–Ti oxides formed by crys-
tallization of Fe–Ti richmelt under high fO2 and a volatile-rich condition
during the late-stage of magmatic differentiation (Cao et al., 2013).
3.6. Syenites and A-type granites
Syenites in the Xiaohaizi area, Bachu county are an important con-
stituent of the Tarim LIP (Fig. 1c). Based onmineralogical compositions,
the Xiaohai syenites are classiﬁed as fayalite syenite and amphibole
syenite (Wei and Xu, 2011). The former consistsmainly of alkali feldspar,
fayalite, clinopyroxene, amphibole with minor quartz and plagioclase,
and the latter contains mainly alkali feldspar, amphibole, biotite with
minor quartz and plagioclase. Xiaohaizi syenites are ferroan, alkaline
series and enriched in LREE relative to HREE with pronounced positive
Eu anomalies, but no negative Nb and Ta anomalies. Geochemical
and Sr–Nd isotopic compositions [(87Sr/86Sr)i = 0.7033–0.7038,
εNd(t) = +3.1 to 3.8] are consistent with their derivation from a
depleted mantle source. Elemental modeling further suggests that the
parental magma of Xiaohaizi syenites were residual melt after olivine
and clinopyroxene fractional crystallization frommantle-derived alkaline
basaltic magma. U–Pb zircon dating of the Xiaohaizi syenite complex
yields ages varying from 277 Ma to 282 Ma (Li et al., 2007; Wei and Xu,
2011; Yang et al., 2006b; Zhang et al., 2008a, 2010b).
A-type granites occur in the Piqiang area, ~120 km northeast of
Atushi City (Fig. 1a), in association with V–Ti deposit-bearing
maﬁc–ultramaﬁc complex. The Piqiang intrusive complex intruded
Devonian sedimentary rocks and has an outcrop area of ~25 km2. The
complex is composed mainly of medium- to coarse-grained gabbro
with minor olivine-bearing gabbro and dolerite (Rui et al., 2002; Zhang
et al., 2008a). Seven granite plutons crop out at Halajun, near the Piqiang
complex (Fig. 1a), intruding the upper Carboniferous sedimentary rocks
with the contact dipping 50–60° outward. Pinkish and medium- to
coarse-grained granites are composed of alkali feldspar, quartz, horn-
blende and brown biotite, with accessory minerals including zircon,
26 Y.-G. Xu et al. / Lithos 204 (2014) 20–35apatite and Fe–Ti oxides. SHRIMP U–Pb zircon data yield crystallization
age of 275–277 Ma (Zhang et al., 2010b). The granites are composition-
ally similar to the high-Nb–Ta rhyolites and are therefore interpreted as
their plutonic equivalents.
4. Three episodes of Permian magmatism in Tarim
Compilation of reliable ages available in literature indicates that the
Tarim LIP comprises three main magmatic episodes (Fig. 6).
The earliest magmatic episode in the Tarim LIP is represented by the
Wajilitag diamondiferous kimberliteswhichwere emplaced at ~300Ma
(Zhang et al., 2013). The occurrence of thismagmatic episode in Tarim is
spatially very restricted. In addition to the Wajilitage kimberlites, some
lamprophyre dykes fromKeliyang in SW Tarim (Chai et al., 2007)might
also belong to this episode, but these have not been dated. The second
episode, characterized by ﬂood basalts and the low-Nb–Ta rhyolites,
formed at 287–292 Ma, with a peak in activity at ~290 Ma (Fig. 6). As
revealed by drilled cores and outcrops, the spatial distribution of this
magmatic pulse is very extensive, probably covering the entire Tarim
LIP (Fig. 1a). The last episode is marked by ultramaﬁc–maﬁc–felsic
intrusions, low- and high-Nb–Ta rhyolites, and some maﬁc and felsic
dykes. These rocks were emplaced between 272 and 284 Ma, with a
peak in activity at ~280Ma (Fig. 6). The spatial distribution of this latest
magmatic episode appears to be conﬁned in the Bachu Uplift, Piqiang
and along the Tarim Craton's margin towards the contact with the
Tianshan orogenic belt (Fig. 1a).
The following characteristics are worth noting for the three
magmatic episodes of the Tarim LIP (Table 1):
(a) Threemagmatic episodes, separated by age gaps of ~10Ma, indi-
cate a relatively large time span for the Tarim LIP. This is further
supported by the intercalation of sediments between basalt
ﬂows demonstrating lengthy periods of quiescence between in-
dividual eruptions (Fig. 1b). This, together with the estimated
volume of the Tarim basalts (~1.5 × 105 km3), corresponds to
an average eruption rate of 0.015 km3/year. The low eruption
rate in the Tarim LIP contrasts with the extremely rapid eruption
rates (N1 km3/year) calculated for the Deccan, Siberian and
Emeishan LIPs.
(b) With the exception of the ﬁrst episode of kimberlite emplace-
ment, the other two episodes in the Tarim LIP are characterized
by bimodal magmatism (Fig. 2). Flood basalts (~290Ma) and in-
trusive rocks (~280 Ma) were emplaced at different times and
display distinct geochemical compositions (Figs. 4 and 5). This
is different from the Emeishan LIP, where extrusive and intrusive
rocks are essentially coeval and share a similar source (Shellnutt
et al., 2012; Xu et al., 2008; Zhong et al., 2011).Table 1
Main characteristic of three magmatic episodes in the Tarim large igneous province, northwes
Magmatism Rock association Distribution Geoche
Episode I
~300 Ma
Diamondiferous kimberlites;
Lamprophyre dykes
Wajilitage, Keliyang Kimber
Nb/La
Episode II
~290 Ma
Flood basalts,
Low-Nb–Ta rhyolites
Volcanic pyroclastics
Spread over the Tarim LIP,
with typical sections at
Keping, Damusi
Basalts
SiO2 =
Nb/La
Low-Nb
SiO2 =
Nb/La
Episode III
~280 Ma
Maﬁc dyke swarms, High-Nb–Ta
rhyolites and minor low-Nb–Ta
rhyolites, Fe–Ti ore-bearing layered
maﬁc–ultramaﬁc–syenite intrusions;
A-type granites
Bachu, Wajilitage, Piqang;
Tianshan Orogenic belt
Maﬁc d
Nb/La
High-N
Nb/La =(c) There is an apparent temporal migration of Permian magmas
from interior of the Tarim Basin (~290 Ma) to localized thinned
spots and weakened zones, and other areas proximal to the oro-
genic belts that surround the Tarim Basin (~280Ma; Fig. 1a). For
instance, many ~280 Ma igneous rocks are found in western
Tianshan, eastern Tianshan, Beishan and western Karakurum
(Qin et al., 2011; Xu et al., 2013).5. Petrogenesis
Instead of providing a thorough review on the genesis of all rock
types of the Tarim LIP, this section focuses on the formation of the erup-
tive magmas.
5.1. ~300 Ma diamondiferous kimberlites: derivation from deep SCLM
Lack of ultra-deep mineral assemblages (e.g., majorite, ferropericlase,
magnesiowustite) in the Wajilitag kimberlites led Zhang et al. (2013) to
propose that that the rock was derived from the lithospheric mantle.
Abundant magmatic phlogopite and hornblende in these rocks further
suggest the enrichment of volatiles in the source region. Therefore a
two-stage evolutionary history, comprising initial melt-depletion with
subsequent metasomatic enrichment in incompatible elements, has
been proposed for the source regions of the Wajilitag kimberlites
(Zhang et al., 2013). It is suggested that, on the basis of εHf(t) (+4.8
to +8.7) of baddeleyites and depletion of Nb and Ta, the Wajilitag
kimberlites were most likely derived from a moderately refractory
and depleted SCLM, metasomatized by subduction components associ-
ated with an early-middle Paleozoic convergent regime. The presence
of microdiamonds in the Wajilitag kimberlites suggests a magma
formation depth of N150 kmand sowe tentatively place their source re-
gion at the base of the lithospheric mantle (Fig. 10a).
5.2. Maﬁc magmatism
5.2.1. ~290 Ma ﬂood basalts: mixing of SCLM- and plume-derived melts
A key feature of the Keping basalts is their LILE enrichment, the
presence of negative Nb and Ta anomalies and negative εNd(t)
(−2.3 to−3.8) (Figs. 3b and 4b). These signatures can either be re-
lated to crustal contamination, or mixing with SCLM-derived melts
or be inherited from the magma source. The crustal contamination
model is apparently supported by a positive correlation between
εNd(t) and Nb/La (Fig. 4a). However, it is at odds with the trace ele-
ment budget and the Nd isotope systematics of the Keping basalts
(Wei et al., 2014). Fig. 4a shows the calculated mixing curve of an un-
contaminated sample from the Bachu dykes (BC-4; Wei et al., 2014)
and the basement beneath Tarim. In order to change the Nd isotopict China.
mistry Petrogenesis
lites: SiO2 = 34.62–42.64%;
= 0.49–0.84; εNd = +3.3 to +5.4.
Melting of deep,metasomatized SCLMas a result of
conductive heating by a upwelling mantle plume
:
42.51–48.26%;
= 0.61–0.89; εNd = −8.7 to−1.8.
–Ta rhyolites:
67.10–77.99%;
= 0.34–0.62; εNd = −7.7 to−5.6.
Basalts: mixing of plume-derived melts with
SCLM-derived melts, in course of lithospheric
thinning by upwelling mantle plume
Low-Nb–Ta rhyolites: melting of Precambrian
basement
ykes: SiO2 = 43.36–55.49%;
= 0.52–1.41; εNd = −0.3–4.7.
b–Ta rhyolites: SiO2 = 64.98–81.18%;
0.50–1.28; εNd = −3.4 to +1.3.
Maﬁc–ultramaﬁc: derivatives of melts from a
convective mantle
High-Nb–Ta rhyolites and A-type granites:
fractionated products from coeval maﬁc magmas
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Fig. 7. Tb/Yb versus La/Yb for the Keping basalts and Bachu dykes and non-modal batch
melting (Shaw, 1970) of a lherzolitic mantle source highlighting the role of garnet and
spinel in the melting region. Partition coefﬁcients are from McKenzie and O'Nions
(1991). The tick marks on the curves correspond tomelting degrees. Gray curves: melting
curve of a spinel-bearing lherzolite source (modal composition and melt mode of 53%
olivine, 27% orthopyroxene, 17% clinopyroxene, 3% spinel and −6% olivine, 28%
orthopyroxene, 67% clinopyroxene, 11% spinel, respectively; Kinzler, 1997). Black curves:
melting curves of garnet-bearing lherzolite mantle sources (59% olivine, 21%
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sents mixing curves between melts derived from spinel- and garnet-lherzolites. Source
composition: 1.45 ppm La, 0.52 ppm Sm, 0.099 ppm Tb and 0.441 ppm Yb. The assumed
source is “97.4% primitive mantle (McDonough and Sun, 1995) + 2.6% upper crust
(Rudnick and Gao, 2003)”, except for Tb and Yb (McDonough and Sun, 1995) to ﬁt the
requirement of a similar LREE-enriched source for the two groups.
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served isotopic composition (−5), an assimilation of 30–40% of crustal
materials is required. Involvement of such a high amount of crustal
materials could signiﬁcantly change major element compositions of re-
sultant magmas, making them no longer basaltic in nature. One may
argue that this bulk-mixing model is too simplistic. If a partial melt of
the country rock is involved, the amount of crust needed would be
considerably less than 30–40%, because it has a greater concentration
of incompatible trace elements than the whole rock.
Although crustal contamination cannot be fully ruled out for the
~290 Ma basalts, a geochemical comparison between the ~290 Ma
basalts and the ~280 Ma dykes yields some useful information. As seen
from Fig. 4b, some dykes with low εNd(t) also have relatively high SiO2
contents (N50%), consistent with assimilation and fractionational crystal-
lization processes (AFC, DePaolo, 1981). However, all the ~290Ma basalts
have SiO2 b49% and show limited range in Nd and Pb isotope composi-
tions and of ratios such as Th/Nb andNb/La that are sensitive to crustal as-
similation (Fig. 4b; Wei et al., 2014). Speciﬁcally, with the exception of a
few samples, the samples with the lowest SiO2 (43%) have essentially
similar εNd(t) as the samples with higher SiO2 (49%). Finally, detailed
evaluation of trace elements suggests that the ~290 Ma Keping basalts
and the ~280 Ma dykes were derived from different mantle sources and
they cannot be related by fractionation or by crustal contamination
(Wei et al., 2014).
We thus believe that the “crustal signature” of the ~290 Ma basalts
most likely have been inherited from the SCLM source metasomatized
by subduction-related processes. In the middle Proterozoic, the Tarim
cratonwas bounded by subduction zones (Zhang et al., 2013). It is there-
fore possible that volatiles released during subduction metasomatized
the mantle lithosphere, lending it an enriched trace element signature,
high alkalis, and a signiﬁcant volatile content. This is broadly supported
by the composition of the Keliyang lamprophyres, which are believed
to be derived from the shallow SCLM beneath Tarim (Chai et al., 2007).
Whether the ~290 Ma basalts were formed by whole-scale ‘wet’
melting of heterogeneous SCLM by heat supplied from an underlying
mantle plume (Gallagher and Hawkesworth, 1992; Turner et al.,
1996) or by mixing of mantle plume-derived melts with SCLM-
derived melts (e.g., lamproitic melt) as they rise through the SCLM
(Ellam and Cox, 1991; Gibson et al., 1995a) is an open question. White
and McKenzie (1995) argued that the timescales for heat conduction
were too long to explain the rapid production of a large volume of
magma by melting of hydrous lithospheric mantle. Thermal and geo-
chemical modeling typically favor a dominant melt source within the
convecting asthenosphere (Campbell and Grifﬁths, 1990; White and
McKenzie, 1989) and indicate that contribution of the lithosphericman-
tle to CFBs isminor (Arndt and Christensen, 1992; Garfunkel, 2008).We
therefore propose that the ~290 Ma basalts from Tarim likely acquired
their geochemical signature through interaction of plume-derived
melts withmaﬁc ultrapotassicmelts as they rise through the SCLM. Fur-
ther development of such a model requires detailed geochemical char-
acterization of lamproitic/lamprophyre rocks from Tarim.
Comparison of the trace element composition of the Keping basalt
with modeled melting trends shows that the Keping basalts can be
viewed as a mixture of melts derived from a garnet-bearing mantle and
a spinel-bearing source (Fig. 7). Therefore, the involvement of spinel peri-
dotites in the source suggests a relatively shallow melting depth for the
Keping basalts, most likely within the spinel-garnet transition interval. If
the depth of the spinel to garnet transition at the peridotite solidus is as-
sumed at ~75–80 km following McKenzie and O'Nions (1991) and
Robinson and Wood (1998), this implies that the melting depth is
b80 km (Fig. 10b).
5.2.2. ~280Mamaﬁc dykes: decompressionmelting of a convecting mantle
The Bachu dykes have variable isotope compositions [εNd(t)=−0.3
to +4.8, (206Pb/204Pb)i = 17.50–18.11] (Wei et al., 2014) and display
OIB-like trace element signatures (Fig. 3c; Fig. 5). These rocks areinterpreted as decompression melting within a convecting mantle
plume. Correlations between isotopic and trace element ratios
(Fig. 4a) indicate that some dykes with low εNd(t) and low initial Pb iso-
tope ratios could have been subjected to crustal assimilation (Wei et al.,
2014). The high level of MREE/HREE enrichment of the Bachu dykes can
be attributed to large amount (5–7%) of residual garnet in their mantle
source (Fig. 7).
5.3. Felsic magmatism
5.3.1. The low-Nb–Ta rhyolites: melting of Precambrian basement
The low-Nb–Ta rhyolites from Tarim are characterized by Nb–Ta
depletion, low εNd (−7.7 to −5.3) and εHf (−0.8 to −5.2), and
high 87Sr/86Sr (0.7092–0.7114) and δ18O (7.7–9.6‰). These geochemical
characteristics resemble those of the basement of the Tarim Basin, there-
fore consistent with derivation by crustal anatexis (Liu et al., 2014; Tian
et al., 2010).
Crustal melting in an intraplate setting can be categorized into two
types: conductive heating from mantle and advective heating from
melts that penetrated the crust. In general, advective heat transfer is
more efﬁcient than conductive heating. Crustal melting that is simulta-
neouswith themain phase of the ﬂood volcanism is only possible in the
case of the advective heat transport associated with magmatic under-
plating (Frost et al., 2001; Xu et al., 2008). The synchronism between
the low-Nb–Ta rhyolites and the two magmatic pulses (~290 Ma and
~280 Ma; Fig. 6) suggests advective heating as the trigger of the ﬁrst
episode of crustal melting in the Tarim LIP. It is likely that during the
ﬂood magmatism, some maﬁc magmas may have ponded at the
crust–mantle boundary due to the density contrast (Sparks et al.,
1980). The heat associated with magmatic underplating will increase
the temperature of the lower crust (including pre-existing crust and
newly added juvenile crust) and facilitate crustal melting.
5.3.2. The high-Nb–Ta rhyolites: fractionation from mantle-derived melts
The high-Nb–Ta rhyolites can be distinguished from the low-Nb–Ta
rhyolites in that have small to no Nb and Ta anomalies, OIB-like trace
element ratios, low 87Sr/86Sr(t) (0.7055–0.7072) and high εNd(t)
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ratios and Sr–Nd isotopes are similar to those of the associated basalts
and picrites (Liu et al., 2014; Tian et al., 2010). However, the high-Nb–
Ta rhyolites have signiﬁcant negative Eu, Ti, Sr and P anomalies that are
not seen in the associated basalts and picrites. All these characteristics
are consistent with their generation from picritic–basaltic magmas
through fractional crystallization. Extensive fractionation of plagioclase
and titanomagnetite is responsible for the large negative Eu and Ti anom-
alies, respectively, seen in the high-Nb–Ta rhyolites and for depletion of
Sr and V. The petrogenetic model of the high-Nb–Ta rhyolites involving
fractionation from maﬁc magmas is consistent with their temporal as-
sociation with ~280 Mamaﬁc dykes and maﬁc–ultramaﬁc–felsic intru-
sions (Fig. 6). It implies the well development of magmatic plumbing
system at the last magmatic episode of the Tarim LIP.
6. An integrated geodynamicmodel for the formationof the TarimLIP
6.1. Does diverse Early Permian magmatism in Tarim belong to a large
igneous province?
The early Permian magmatism in Tarim includes very different rock
types, namely kimberlites, basalts, maﬁc-ultramaﬁc layered intrusions,
maﬁc dykes, rhyolites, granites and syenites. These rocks are found
over an area almost the size of western Europe. Are these different
types of rocks genetically related? Can they be termed a LIP and can
they be explained by a single geodynamic process? These questions
must be addressed as part of the formulation of a geodynamic model.
(a) Although LIPs are deﬁned as being mainly composed of tholeiitic
lavas, other igneous rocks such as alkaline complexes, layered in-
trusions, kimberlites and lamproites, rhyolites have also been
shown to be integral components of LIPs. For example, in the
Paraná LIP, in addition to the voluminous tholeiites, some spatial-
ly associated, relatively small volume, volatile-rich, maﬁc alka-
line magmas (e.g., minettes, olivine melilitites, kimberlites,
carbonatite) are also present (Gibson et al., 1995a,b). In the Dec-
can traps, kimberlites and alkaline complexes are spatially and
temporally associated with the main tholeiitic basalt eruptions
(Chalapathi-Rao and Lehmann, 2011). In the Emeishan LIP, con-
temporaneous layered intrusions, syenites and A-type granites
co-exist with basalts (Xu et al., 2001). Geochronology reveals
that these diverse rocks are either coeval with tholeiitic lavas, or
pre-date or postdate the main eruption stage, the total duration
of magmatism of LIPs ranges from less than 1 Ma to over 10 Ma
(Courtillot and Renne, 2003; Gibson et al., 2006).
Overlying Cenozoic sediments have obscured crucial information
about the overall geological and tectonic setting of the Tarim Basin,
but the limited outcrops show a close spatial association with Permian
magmatic rocks of various types. Speciﬁcally, kimberlites and Fe–Ti
ore-bearing layered intrusions occur in Wajilitag; layered intrusions,
maﬁc dykes, syenites and A-type granites all occur in the Xiaohaizi
area, not far from the well exposed basalt outcrops in Keping (Fig. 1).
With the exception of minor kimberlite which was emplaced earlier
(~300 Ma), the majority of Permian magmatism in Tarim took place
over 10 Ma, a time interval comparable to some other LIPs (e.g., Parana-
Etendeka, Gibson et al., 2006).
(b) Whether diverse magmatism in Tarim reﬂects responses to dif-
ferent tectonic events is an interesting issue. In spite of the petro-
logic diversity of the rock assemblage, all the Permian igneous
rocks in Tarim are of intraplate type, which are commonly con-
sidered to be formed as a result of lithospheric extension orman-
tle plume (White and McKenzie, 1989). The geological evolution
of the Tarim Craton since the Neoproterozoic is characterized by
semi-continuous sedimentation. The Early Permian magmatism
is the only magmatic event in the Tarim Craton during its~800Ma evolution history. Given that there are no known tectonic
events in this area since the Neoproterozoic, there is no need to in-
voke multiple tectonic processes to explain the formation of the
observed magmatism.
In summary, the diverse Early Permian magmatism in Tarim is
temporally and spatially related, and can reasonably be considered as
integral components of a single LIP. The Tarim LIP may have been gen-
erated via a single geodynamic process, as a result of different types of
plume–lithosphere interaction.
6.2. Evidence for plume involvement
Generation of intraplate magmas may take place either via decom-
pression melting due to lithospheric extension and/or by decompression
melting of a hot mantle plume (Campbell and Grifﬁths, 1990; White and
McKenzie, 1989, 1995). Based on compositions of bimodal dykes exposed
at Bachu andWest Tarim, Yang et al. (2007) suggested that a large conti-
nental rift developed in the interior of the Tarim Basin during the Perm-
ian. However, there is little evidence that signiﬁcant stretching has
occurred in the Tarim since the Paleozoic. A lowextension rate is also sug-
gested by the presence of N150 km thick lithosphere beneath this basin
(Lei and Zhao, 2007; Priestley and McKenzie, 2006; Xu et al., 2002). Lith-
ospheric extension therefore cannot be the principal trigger of melting of
the mantle in Tarim.
The outpouring ofmagmatism over a vast area above a stable cratonic
block requires a large thermal anomaly within the mantle, i.e., a mantle
plume (Grifﬁths and Campbell, 1991). In recent years, a mantle plume
model has been variably adopted to explain the generation of the Tarim
basalts (Li et al., 2011; Pirajno et al., 2008, 2009; Qin et al., 2011; Tian
et al., 2010; Wei et al., 2014; Yu et al., 2011b; Zhang et al., 2008a,
2010b; Zhou et al., 2009), but is only loosely constrained. In the para-
graphs below, the role of mantle plumes in the generation of the Tarim
LIP is discussed in detail.
6.2.1. Kimberlite-ﬂood basalt association
Despite somedebate, the origin of kimberlites ismainly attributed to
mantle plumes (e.g., Chalapathi-Rao and Lehmann, 2011; Chalapathi-
Rao et al., 2011; Crough et al., 1980; Gibson et al., 1995b; Heaman and
Kjarsgaard, 2000; Heaman et al., 2004; Le Roex and Lanyon, 1998),
based on the following observations and inferences.
(a) Using high-precision perovskite U–Pb dating results, Heaman
andKjarsgaard (2000)were able toﬁrmly deﬁne age progression
of Mesozoic–Cenozoic kimberlites in the eastern North America
shield along the continental extension of the Great Meteor hot-
spot track. This represents one of the best examples of kimberlite
magmatism following the track of a mantle plume. Subsequent
studies noted similar observations for over 100 Mesozoic/
Cenozoic kimberlites in North America, South Africa and Siberian
Cratons, and the majority of these kimberlites were generated
during enhanced mantle plume activity associated with the
rifting and eventual breakup of the supercontinent Gondwana-
land (Heaman et al., 2004).
(b) Crough et al. (1980) were among the ﬁrst to relocate the original
place of post-150 Ma kimberlites in three continents (i.e., Africa,
South America and North America) in the present hotspot refer-
ence frame. Their results indicate that a majority of the kimber-
lites formed within 5° of a mantle hotspot. More recently,
Torsvik et al. (2010) used plate reconstructions and tomographic
images to show that the edges of the largest heterogeneities in
the deepest mantle, possibly stable for 500 Ma, seem to have
controlled the eruption of most Phanerozoic kimberlites. Over
80% of all reconstructed kimberlite locations of the past 320 Ma
erupted near or over the sub-African plume generation zone de-
ﬁned by large-scale low shear-wave anomalies at the base of the
mantle (Becker and Boschi, 2002). Such an association lends
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(c) Gibson et al. (2006) and Chalapathi-Rao and Lehmann (2011) in-
vestigated the time–space relationship between small-volume,
volatile-rich and highly potassic continental melt fractions,
such as kimberlites and related rocks, and large-volume conti-
nental ﬂood basalts (CFBs). These studies noted that at least six
Phanerozoic and one Mesoproterozoic ﬂood basalt eruption(s)
are associated with kimberlites and similar rock types (such as
lamproites and lamprophyres) on different continents. In the
Deccan case, the overlap of ages between the ﬂood basalts and
the kimberlites reﬂects a cause and effect relationship viamantle
plumes (Chalapathi-Rao and Lehmann, 2011). In other cases, the
small-volume potassic magmas either immediately pre-date
(e.g., Kola) or post-date (e.g., Siberia, southern Africa, and
South America) the main ﬂood basalt event, reﬂecting litho-
sphere–plume interaction (Chalapathi-Rao and Lehmann, 2011;
Gibson et al., 1995b).
The diamondiferous kimberlites and kimberlite-ﬂood basalt associa-
tion in the Tarim LIP are similar to those observed in other LIPs. Interest-
ingly, the Wajilitag diamondiferous kimberlites were erupted ~10 Ma
earlier than the ﬂood basalts, likely marking the onset of plume-
induced magmatism in Tarim (Zhang et al., 2013).
6.2.2. Pre-volcanic crustal uplift
Fluid dynamical and numerical modeling (Campbell and Grifﬁths,
1990; Farnetani and Richards, 1994; Grifﬁths and Campbell, 1991) sug-
gest that when amantle plume impinges on the base of the lithosphere,
the surface of the Earth should be elevated, producing roughly circular
uplifts; the doming area may reach a diameter of 1000–2000 km, with
500–2000 m of relief depending on the viscosity and temperature of
the plume head (Grifﬁths and Campbell, 1991). Pre-volcanic lithospheric
uplift is ranked as one the most important criteria used to identify the
presence of plumes (e.g., Campbell, 2001, 2007; Ernst and Buchan,
2001; Saunders et al., 2007). Good records for such uplift events are
found in the sedimentary records (He et al., 2003; Rainbird and
Ernst, 2001) or in drainage patterns (Cox, 1989), although not all
plume-generated LIPs preserved evidence for pre-volcanic uplift
(e.g., Czamanske et al., 1998; Menzies et al., 2002)
Detailed analyses of 85 drill wells and 2 seismic proﬁles from the
Tarim Basin have enabled Li et al. (2014–in this volume) to identify a re-
gional unconformity between the Carboniferous and the Permian. Fur-
thermore, there is a dramatic change in sedimentological facies/
paleogeography from late Carboniferous to Early Permian in the Tarim
Basin (Fig. 8). The Carboniferous is characterized by a stable, platform-
facies limestone, with thickness of 30–50 m likely formed during major
marine regression. Such a sedimentary facies lasted for a relatively long
perioduntil the latest Carboniferous, duringwhich sedimentationwas ab-
sent inmost of the Tarim Basin. Only the southwest part of the basin pre-
served the platform-facies sedimentary deposits (Fig. 8b) during the end
of Carboniferous and the Early Permian. The change in sedimentation
from a marine deposit to terrestrial facies is indicative of crustal uplift
from the late Carboniferous to the early Permian (Chen et al., 2006; Li
et al., 2014–in this volume). The timing of this transition was approxi-
mately coeval with the emplacement of the Wajilitag kimberlites, and
predated the emplacement of the ~290 Ma ﬂood basalts. All these obser-
vations are consistent with the signiﬁcant role of a mantle plume in the
geological evolution in NW China.
6.2.3. High-temperature magmas
One of the major characteristics of mantle plumes is their excess
heat relative to the ambient asthenosphere. The magnitudes of thermal
anomaly range up to 350 °C (in the plume axis area) to ~100 °C (in the
margin of plume head) (Campbell, 2005, 2007). High-temperaturemantle is believed to be responsible for the occurrence of highmagnesian
rocks such as komatiites and picrites (Arndt, 2003).
The occurrence of picrites in the Tarim LIP (Tian et al., 2010) pro-
vides ﬁrst-order evidence for high temperature mantle from which
the Tarim basalts were derived. The picrites from boreholes in Northern
Tarim have MgO of 15.7 wt.%, which is signiﬁcantly higher than that of
MORB (~12%), requiring a mantle source region with temperature well
above 1300 °C. Since the MgO content in magma increases with tem-
perature (Takahashi et al., 1993), these maximum MgO contents
suggest a mantle potential temperature at least 100 °C higher than
the ambient mantle (Tian et al., 2010).
Zircon saturation temperatures of felsic igneous rocks are a very
useful parameter in petrogenetic evaluation (Miller et al., 2003;
Watson and Harrison, 1983). When combined with other geological
and geochemical evidence, these represent a way of constraining the
processes of magma genesis, and by inference their tectonic setting
(Liu et al., 2013). Liu et al. (2013) examined zircon saturation tem-
peratures of granitoids emplaced in different settings, and showed
that zircon saturation thermometry of felsic igneous rocks emplaced
in LIP setting are higher than those generated in subduction- and
collision-related settings. The Early Permian granitoids and rhyolites
from the Tarim Basin have zircon saturation temperatures ranging from
800 to 950 °C, comparable with those obtained for plume-generated
LIPs (Fig. 9). Moreover, the high-temperature Early Permian granitoids
and ultramaﬁc–maﬁc rocks show awide range in εNd and εHf in zircons,
consistent with the involvement of a great variety of crustal andmantle
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thermal anomaly and diversity of Permian magmatic rocks can be
ascribed to a mantle plume activity, which triggered melting of both
crustal and mantle sources.
6.3. Evidence for lithospheric involvement
The role of lithosphere in the formation of LIPs is twofold. The rigid
lithosphere acts as a mechanical barrier that prevents the upwelling of
a mantle plume. Experimental and theoretical modeling shows that sig-
niﬁcant decompression melting can only happen when the lithosphere
is relatively thin (b80 km) or the mantle is hotter than the normal as-
thenosphere (N1300 °C; White and McKenzie, 1989). This explains
the preferential occurrence of plume-derived basalts at pre-existing
lithosphere “thin spots” (Thompson and Gibson, 1991) and at edges of
cratons (King and Anderson, 1995) where the lithosphere is relatively
thin. The best example for lithospheric control on distribution of
plume-generated melts is documented in the Tanzanian Craton, which
is due to the Afar plume. The majority of magmas occurred along the
east-Africa rift system that bounded the craton, but almost no
magmatism occurred within the craton (Foley et al., 2012). Such a dis-
tribution pattern suggests that the lateral movement of the ascending
plume and channeled plume ﬂow along the weak zones that surround
the craton (Sleep, 1997).
On the other hand, lithospheric mantlemelts can contribute directly
to ﬂood basalt magmatism (Ellam and Cox, 1991; Gibson et al., 1995a;
Gallagher and Hawkesworth, 1992; Turner et al., 1996). Local melting
of the SCLM is possibly triggered by heating of upwelling mantle
plume and bymelt percolation, especially whenwater and fusible com-
ponents are present (Gibson et al., 2006; Gallagher and Hawkesworth,
1992; Turner et al., 1996). When the SCLM undergoes extension and/
or heating, some of the earliest melts to be generated are maﬁc and
rich in volatiles and potassium (McKenzie, 1989). Melts generated in
this way depend on the origin and evolution of the lithospheric mantle,
and correspond to a long time span and a relatively low eruption rate
(Gibson et al., 2006; Kent et al., 1992). In contrast, ﬂood basalts generat-
ed by decompression melting of plume mantle, either in response to
lithospheric extension (White andMcKenzie, 1989), or to sudden arriv-
al of a large head of plume material during the initiation of a mantle
plume (Campbell and Grifﬁths, 1990; Richards et al., 1989) commonly
have a very high eruption rate (~1 km3/year) and have compositions
similar to OIB.
While the involvement of amantle plume is favored for the formation
of the Tarim LIP, the low eruption rate and lithospheric signature of the
~300 Ma kimberlites and ~290 Ma basalts are incompatible with the
classic starting plume head model (Campbell and Grifﬁths, 1990). InN
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Fig. 9. Histogram of Zr saturation temperatures of Early Permian granitoids and rhyolites
from the Tarim LIP. The ﬁelds for plume-generated LIPs and for subduction-collision
related setting are after Liu et al. (2013).fact, the relatively long time span ofmagmatism, pre-volcanic crustal up-
lift and intrusion of alkalic magmas of the Tarim LIP are more consistent
with a plume incubation model (Kent et al., 1992), in which the litho-
sphere contributed both directly and indirectly to the formation and evo-
lution of the province. It is likely that the relatively thick lithosphere
(N150 km) presently beneath Tarim (Lei and Zhao, 2007; Priestley and
McKenzie, 2006; Xu et al., 2002) may have existed in the Permian and
prevented the convecting asthenosphere/plume from decompression
melting. As proposed for the Parana-Etendeka and Karoo LIPs, the gener-
ation of the ﬁrst two episodes of magmatism in the Tarim LIP can be
accounted for by a plume heating model, in which melting of enriched
components in the lithospheric mantle is due to conductive and advec-
tion heating by upwelling mantle plume (Gibson et al., 2006). The man-
tle and lithosphere under Tarim had been ﬂuxed by subduction ﬂuids
and so was likely rich in water and fusible components such as pyroxe-
nites. The temporal shift in magma source from the SCLM to convecting
mantle during 290–280Ma implies a changing role of the mantle plume
and different style of plume-lithosphere interaction in the evolution of
the Tarim LIP.
6.4. Plume–lithosphere interaction and evolution of the Tarim LIP
Fig. 10a, b and c schematically depict the temporo-spatial evolution of
the Tarim LIP in which plume–lithosphere interaction is emphasized. To
assist our understanding of the behavior of the crust, SCLM and mantle
plume, the variation in the geothermal gradient of the lithosphere due
to conductive heating from the mantle plume is investigated in Fig. 10d,
e and f. The effect of conductive heating from themantle plume on litho-
spheric melting is modeled using a one-dimensional, conductive-heating
model following the approach described by Gibson et al. (2006).
At ~300 Ma, a mantle plume impinged on the base of the thick
lithosphere underneath the Tarim Basin (Fig. 10a). Given the relatively
thick lithosphere (N150 km, extending to the stability ﬁeld of diamond)
beneath Tarim, the plume did not melt directly and instead transferred
heat to the overlying lithosphere. As illustrated in 10d, at the base of
~150 km thick mechanical boundary layer (MBL), the steady-state
geotherm is ~150 °C below the phlogopite solidus. Conductive heating
resulting from an increase in temperature of ~250 °C at the base of
the MBL will raise the temperature of the lithosphere over a depth of
~70 km in a 20 Myr time interval. The most dramatic increase in tem-
perature takes place at the base of theMBLwheremelting of phlogopite
rich veins would occur almost immediately following plume impact.
In this scenario, the earliest melts to be generated from the lithosphere
on heating and/or extension are of relatively small volume whose
sources are volatile-rich and readily fusible and compositionally potas-
sic–ultrapotassic such as kimberlites, lamproites and lamprophyres
(e.g., Chalapathi-Rao and Lehmann, 2011; Gibson et al., 2006; McKenzie,
1989; Tappe et al., 2013). This explains the formation of diamondiferous
kimberlites fromWajilitag and lamprophyre dykes from Keliyang. The
presence of microdiamonds places their source at the base of SCLM.
As such, melts are generated immediately upon heating by the
impactingmantle plume (Fig. 10d), leading to the only surfacemanifes-
tation of sub-continental melting at the early stage of plume incubation
(Fig. 10a).
Trace element modeling places the melting depth of ~290 Ma ﬂood
basalts within the spinel-garnet transition zone (i.e., ~70–80 km). This
indicates a shift of magma source in the SCLM from N150 km to
~70–80 km during 300–290Ma (Fig. 10b), broadly consistent with ver-
tical heat transfer by conduction. However, with an initial lithosphere
thickness of ~150 km, conductive heating over an interval of 10 Ma
will not allow the intersection of solidus of enriched mantle with
geotherm at the depth less than ~100 km (Fig. 10d). If our petrogenetic
model is valid, the ~290Ma basalts containmelts derived from both the
convecting and lithospheric mantle (Fig. 10b). In order for melting of
the SCLM take place over a shorter interval, either a higher potential
temperature is required and/or plume-induced lithospheric thinning
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thinner initial lithosphere (~120 km; Fig. 10e), which shows that as a
result of conductive heating by upwelling mantle plume, the geotherm
of the lithosphere will signiﬁcantly be raised at a depth of 100–80 km,
therefore facilitating melting at that depth. Similar results have been
obtained by Davies (1994) who reported an approximate semianalytic
solution for the ﬂow over the stagnant point of an upwelling. Under
these conditions, only small degrees of partial melting would occur
within the upwelling plume. These plume-derived melts would mix
with shallow SCLM-derived melts during their ascent to the surface.
This explains the alkaline afﬁnity of the ~290 Ma basalts (Fig. 2).
Relatively low MgO contents of the ~290 Ma basalts suggest that
they have experienced considerable fractionation at depth before theireruption at the surface. Conductive heating from the underlying mantle
plume and advective heating from basaltic magmas that underplated at
the crust-mantle boundary triggered the melting pre-existing ancient
crust, producing contemporaneous low-Nb–Ta rhyolites (Liu et al.,
2014).
Thermo-mechanical erosion of the lithosphere by upwelling mantle
plume may have continued to ~280 Ma, but only locally, largely along
pre-existing lithospheric weak zones (cf., Thompson and Gibson,
1991). The Bachu Uplift represents such a thin spot where plume-
derived melts (e.g., maﬁc dykes) and their derivatives (e.g., ultramaﬁc–
maﬁc–syenite intrusion and A-type granites) were emplaced
(Fig. 1a). The occurrence of ~280Ma OIB-like magmas in Bachu is sug-
gestive of a thin lithosphere (b80 km, Fig. 10f; McKenzie and Bickle,
32 Y.-G. Xu et al. / Lithos 204 (2014) 20–351988; Xu et al., 2008) at the time of eruption. Such a thin lithosphere at
~280 Ma contrasts strikingly with the thick lithosphere (N150 km) at
~300Ma, as suggested by the presence of theWajilitag diamondiferous
kimberlites. Lithospheric thinning can thus be inferred in this area,
either by lithospheric extension or thermal erosion by mantle plume.
A similar scenario has been proposed for the Deccan LIPwhere ﬂood ba-
salts were emplaced along the rift zones of northwestern and western
India and kimberlite, lamprophyre, carbonatite and other alkaline rock
occurred in a thickened Bastar Craton lithosphere in central India
(Chalapathi-Rao and Lehmann, 2011).When a plume impinges beneath
a craton of variable thickness, thinned spots and weak zones at the
margins of cratons and mobile belts cause preferential channeling of
plume ﬂow and also initial melt generation in a convecting mantle
(Fig. 10c; Sleep, 1997). The amount of decompression melting will
be greater beneath a thinner, rather than a thicker, lithosphere
(Chalapathi-Rao and Lehmann, 2011). The ~280 Ma plume-derived ba-
salts seem to have undergone little interaction with the SCLM, despite
variable crustal contamination. Thismay be due to the previous removal
of the most-fusible parts of the SCLM during earlier magmatic events.
Nevertheless, two puzzles remain for the Tarim LIP: (1) The thin lith-
osphere in Bachu inferred from a petrologic point of view is in apparent
contradiction with the present-day existence of a thick lithosphere
beneath Tarim (Lei and Zhao, 2007). Perhaps, the resolution of large-
scale tomographic imaging is insufﬁcient to detect details of tomo-
graphic heterogeneity of the lithosphere. (2) Although decompression
melting is proposed for the Bachu area, no plume-derived ﬂood basalts
of ~280 Ma are found and only intrusions and dykes are present.
Perhaps uplift-induced erosion has removed all the extrusives.
The decompression melting of the Tarim mantle plume at ~280 Ma
not only resulted in outpouring of maﬁc lavas, but also affected the
thermal structure of lithosphere. Relatively high magma generation
rate ensures the development of magma chambers and plumbing sys-
tems at variable crustal levels. The effects of these magmatic fraction-
ation systems on the crust are two-fold: (a) Heat transfer during
magmatic fractionation to the surrounding crustal wall-rocks would
lead to the formation of the high-Nb–Ta rhyolites; (b) Emplacement
of magmas at variable crustal levels would also advectively heat up
the crust, and eventually trigger crustal melting to produce the low-
Nb–Ta rhyolites. This geodynamic process not only accounts for the
temporal and spatial association between the high-Nb–Ta rhyolites
(and their plutonic equivalents such as syenites) and ultramaﬁc–maﬁc
complexes (Fig. 10c), but also explains why the low-Nb–Ta rhyolitic
magmatism lasted longer than the high-Nb–Ta rhyolites (Fig. 6).
7. Summary and future directions
(1) Both maﬁc and felsic igneous rocks of large volumes were
emplaced in the Tarim Craton during the Early Permian. They in-
clude diamondiferous kimberlites, lamprophyres, ﬂood basalts,
Fe–Ti oxide ore-bearing layered intrusions, dykes swarms, alkaline
igneous complex (including syenites and A-type granites), and
rhyolites, as well as pyroclastic rocks. On the basis of outcrop,
seismic proﬁles and drill hole data, the extent of Permian
magmatism in Tarim exceeds 250,000 km2. The volcanism was
preceded by a regional crustal uplift.
(2) Three main magmatic episodes are recognized in the Tarim LIP,
each possessing distinct rock association and geochemical com-
position. The igneous activity in Tarim startedwith small volume
kimberlites and lamprophyres emplaced at ~300 Ma. The subse-
quent two prominent magmatic episodes are both bimodal in
nature, emplaced at ~290 Ma and at ~280 Ma, respectively.
Such a long duration of magmatism and the estimated volume
of the Tarim basalts yield a low eruption rate. Due to the coverage
of the Taklamagan desert, the spatial distribution of thesemagmas
in the Tarim LIP is unclear. It seems that the ~290Ma ﬂood basalts
are spread all over the province, whereas ~300Ma kimberlites and~280Maultramaﬁc–maﬁc–felsic intrusions anddyke swarmsonly
occur in the Bachu Uplift.
(3) The ~300 Ma kimberlites were derived from deeper parts of the
lithospheric mantle, while the ~290 Ma ﬂood basalts were likely
formed as a result of mixing of mantle plume-derived melts with
SCLM-derived melts (e.g., lamproitic melt) as they rose through
the SCLM. In contrast, the ~280 Ma magmas were most likely
derived from the convecting mantle.
(4) A plume incubation model is proposed to account for the main
characteristics and evolution of the Tarim LIP. In the ﬁrst two
episodes, the mantle plume incubating the base of the craton pro-
vided the heat to trigger melting of enriched components in the
SCLM. In contrast, melting within the mantle plume itself pro-
duced the ~280 Ma magmatic phase. Thermal and theoretical
modeling suggests that lithospheric thinning either by lithospheric
extension or via thermal erosion by upwelling mantle plume
might have occurred in Tarim, with the greatest extent in the
Bachu area.
Future research directions include:
(1) Additional work on the drilled cores is needed in order to
better characterize the tempo-spatial distribution of Permian
magmatism in the Tarim LIP. Special attention should be given
to recovery of high magnesian rocks which are pivotal to signal
plume involvement and to characterize primary magmas, and
to lamproitic rocks which can be used to better constrain the
nature of the SCLM beneath Tarim.
(2) High-resolution seismic imaging of the crust and lithosphere
beneath Tarim is needed for identifying records of plume–
lithospheric interaction and to deﬁne the spatial heterogeneity
of lithospheric architecture. The latter is particularly important
in understanding the spatial distribution pattern of the Permian
magmas and their composition.
(3) Our proposed model predicts the location of plume-derived
magmas along the lithospheric thin spots/weak zones, within
or surrounding the Tarim Basin. These sites are also of impor-
tance in future prospecting of mineral resources such as V–Ti
magnetite and Cu–Ni sulﬁde deposits. Whether the Tarim
plume affected the CAOB is an important issue and should be
addressed in the future studies.
(4) An important unsolved question is the link between the Tarim
LIP and other Permian maﬁc magmatic events in surrounding
regions, such as the ~252 Ma Siberian traps in Russia, and the
~260 Ma Emeishan LIP in SW China. It is equally important to
determine their relative positions at the time of eruptionwith re-
spect to the global framework of two large low shear velocity
provinces detected at the core–mantle boundary layer.
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